INTRODUCTION
Chronic leg ulcers have a significant socioeconomic impact both in terms of medical care and missed work days and result in substantial impairment of patient quality of life. One in four diabetic ulcers will result in foot amputation, which diminishes quality of life and has a 3-year survival rate of only 50%. 1,2 A diagnosis of clinical colonization, which refers to the borderline between colonization and infection, is difficult for general physicians in the clinical setting, in particular, patients with diabetes. 3 Therefore, wound healing drugs involving anti-bacterial action exerted by anti-microbial peptides [4] [5] [6] are ideal to avoid infections during wound care. Moreover, the functions of antimicrobial peptides are not only limited to anti-microbial action, but also exerts anti-oxidant or wound healing functions. [7] [8] [9] We previously identified AG30/5C, a novel peptide similar to functional anti-microbial peptides. 6, 7, 10, 11 AG30/5C was effective for treating ulcers in pre-clinical studies in mice, 12 and a first-in-human trial was designed as an open-label study for severe limb ulcers. 13 Two patients met the inclusion criteria. AG30/5C was topically administered to the wound twice per day for 11 days. In terms of safety evaluation, there were no safety concerns. In both patients, ulcer size decreased after treatment (44.62% and 10.23% decrease) and further decreased after the follow-up period (73.85% and 10.23% decrease). Topical treatment with AG30/5C for severe leg ulcers was safe, well tolerated, and potentially effective.
Based on these results, we progressed to a physician-initiated clinical trial to test a modified AG30/5C peptide, named SR-0379. 14 In a rat infected wound model, wound healing effect of SR-0379 was higher than that of fibroblast growth factor 2 (FGF2). SR-0379 also promoted angiogenesis, granulation tissue formation, and endothelial cell and fibroblast proliferation in vitro. In this study, we conducted a multi-center, double-blinded, randomized phase I/IIa clinical study to evaluate the safety, efficacy, and pharmacokinetics of SR-0379 for the treatment of leg ulcers.
RESULTS

Skin irritation test (closed patch test)
Because this was a first-in-human study of SR-0379, a closed patch test was conducted using healthy men. The lower dose of SR-0379 (0.02%) for the first-in-human study was determined based on the evaluation of efficiency by pharmacological test and safety by preclinical test. The maximum dose of SR-0379 (0.5%) was also determined by the upper limit of SR-0379 (0.5%) for the skin stimulant test. As shown in Supplementary Table 1 , only weak reactions (grade 1) were observed with 0% SR-0379 (2 after 1 h, 1 after 24 h), 0.02% SR-0379 (1 after 1 h, 1 after 24 h), 0.25% SR-0379 (2 after 1 h, 2 after 24 h), and 0.5% SR-0379 (3 after 1 h, 1 after 24 h). The skin irritation index scores for each dose of SR-0379 were within permitted levels for clinical usage. During the trial, there were no abnormal findings related to vital signs and electrocardiogram (ECG). The only adverse effect was right omalgia, but this was unrelated to SR-0379.
Characteristics of the clinical study patients
Thirteen patients were conducted between September 2015 and August 2016 at five hospitals in Japan. Figure 1 displays the study flow chart. All patients fulfilled the eligibility criteria. However, because one patient was excluded due to contracting pneumonia before treatment with SR-0379, 12 patients were randomized to receive treatment with the placebo or one of three doses of SR-0379 (0.02%, 0.1%, or 0.5%) for 28 days. One patient stopped skin ulcer treatment with SR-0379 (0.02%) on day 23 and was withdrawn; SR-0379 efficiency, safety, and pharmacokinetic was still evaluated at day 24. Ultimately, the patient was judged to be included in the full analysis set (FAS) for the efficiency. Thus, all 12 patients provided data for the FAS. Table 1 summarizes the characteristics of the patients. There were no marked biases in terms of sex or skin ulcer type, position, and duration among the four groups.
Efficacy evaluation
The primary endpoint was the skin ulcer rate of reduction (%) induced by SR-0379 at the final evaluation (4th week or discontinuation); these rates were 44.73 ± 41.26 (mean ± SD) for the 0.02% group (n = 3), 68.25 ± 28.98 for the 0.1% group (n = 3), and 71.61 ± 49.17 for the 0.5% group (n = 3) compared with 9.95 ± 65.49 for the placebo group (n = 3) ( Fig. 2a ). All reduction rate data at 2 and 4 weeks after treatment ( Supplementary Fig. 1 ) and ulcer size at all time points (Table 2 ) are shown as part of the detailed analysis of each patient. At 2 weeks, only a few patients showed a marked reduction, suggesting that this time point may be too early for evaluation ( Fig. 2a ). In the 0.5% group, one patient demonstrated complete ulcer closure at the 2nd week, and drug administration was halted; therefore, the data reflecting 100% reduction at the 2nd week were included in the final evaluation. Additionally, another patient (0.5% group) demonstrated complete ulcer closure at 4 weeks; thus, two patients achieved a 100% reduction rate ( Supplementary Fig. 1 ). One patient in the 0.5% group demonstrated only a 14.84% size reduction; however, ulcer depth and granulation were improved ( Fig. 2b , c). One patient in the 0.1% group was diagnosed with Werner Syndrome, and his ulcer, which was on the heel, was drug-resistant; however, it demonstrated a 34.92% size reduction ( Fig. 2d , e). One patient in the 0.02% group with an ulcer in the lateral malleolus was also diagnosed with Werner Syndrome. Treatment with SR-0379 resulted in a 61.45% size reduction ( Fig. 2f, g) .
As a secondary endpoint (Table 3) , wound closure was observed only in the 0.5% group (66.7%) after 14 days or 28 days. A significant size reduction (more than 50%) was observed in 33.3% of the placebo group and 66.7% of all SR-0379-treated groups. When local bacterial cultures were quantified, two patients (from the placebo and 0.02% SR-0379 groups) demonstrated increased bacterial quantification, and other patients exhibited no changes or decreases. As shown in Supplementary Table 2, increases were mild or moderate and were unrelated to local infection. When evaluating DESIGN-R scores, which were calculated based on six components (exudate, size, infection/inflammation, tissue granulation, necrotic tissue, and pocket size) ( Supplementary Table 3 ), a marked decrease was observed in all SR-0379-treated group. Overall evaluation by investigators also revealed the improvement of all patients in the 0.1% and 0.5% SR-0379 groups, whereas only 13 paƟents: Enrolled and randomized
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two patients in the placebo and 0.02% SR-0379 groups showed no improvement (worsening). Based on these results, SR-0379 treatment tends to improve ulcer status.
Safety evaluation and pharmacokinetics
In the safety evaluation, a total of six adverse events were reported, as shown in Table 4 . All adverse events were unrelated to SR-0379 treatment. Five adverse events comprised skin abrasions or ulcers in a different position unrelated to the SR-0379-treated ulcer because these patients were at high risk for skin ulcers. One serious adverse event was severe pneumonia; however, the patient had no sign of infection during treatment with 0.5% SR-0379 but became sick with pneumonia 1 month after the final SR-0379 treatment. Thus, a relationship with SR-0379 treatment was denied. There were no local adverse events such as itching, rash, or pain during treatment. Thus, there appears to be no safety concerns regarding local or systemic adverse events. When we performed a pharmacokinetics analysis of SR-0379 in plasma, all samples from patients receiving SR-0379 treatment (0.02, 0.1, and 0.5%) had undetectable levels of SR-0379, indicating levels lower than 1 ng/mL.
DISCUSSION
The use of anti-microbial peptides to topically treat chronic leg ulcers demonstrates great potential based on several trials. 15, 16 We have developed novel peptide drugs to treat skin ulcers for more than 10 years, beginning with discovery during our own basic science experiments and reaching the patient bedside. [12] [13] [14] 17 The aim of this study was to evaluate the safety and efficacy of a novel functional peptide, SR-0379, for the treatment of severe limb ulcers as a first-in-patient study.
The development and approval process for wound healing drugs has yielded a high number of drug failures. 18 In terms of study endpoints for wound healing drugs, the FDA (Food and Drug Administration) currently accepts only complete wound healing as an efficacy outcome for chronic wounds, defining complete healing as skin re-epithelialization without drainage at 2 consecutive visits 2 weeks apart by the study end. 19 Only one drug, recombinant human PDGF-BB (becaplermin (regranex), Healthpoint Ltd, Ft. Worth, TX, USA), has obtained FDA approval for a chronic wound indication in the past 20 years. 20 Because it is potentially difficult to show complete wound healing during a study period, an early-phase trial protocol generally includes multiple endpoints to show drug efficacy. In our case, the percent decrease in wound size after 4 weeks of treatment was defined as a primary endpoint because a previous report suggested that early changes (1 week or 4 weeks after treatment) in wound area reduction (%) were predictive of complete healing at 16 weeks. 21 According to another report, 58% of patients demonstrating size reduction greater than the 4-week sample median achieved final healing, compared with only 9% of patients below the 4-week median, and wound area was reduced by 82% at 4 weeks in patients who achieved healing, compared with a 25% decrease at 4 weeks in patients who did not heal. 22 In this study, the average wound size decreased in the SR-0379-treated group in a dosedependent manner, which strongly supports the potential effects of SR-0379 on wound healing. In this study, several secondary exploratory endpoints were assessed to identify reliable biomarkers for wound healing. Among them, the DESIGN-R score was more reliable than the quantification of local bacterial cultures or the evaluation of general improvement. The Japanese Society of Pressure Ulcers originally developed this system as a tool to score the severity of pressure ulcers and monitor their healing. 23 As it is useful to evaluate wound healing, clinical evidence for the DESIGN-R score will be required to predict wound healing together with clinical trials of SR-0379. We also sought to evaluate the management of local infection; however, the quantification of local bacterial cultures was not useful in this study because infectious wounds with clinical signs (erythema, edema, warmth, etc.) were excluded. According to guidance from the International Working Group on the Diabetic Foot (IWGDF), clinically infected diabetic foot wounds require anti-microbial therapy with systemic or topical treatment for foot care management. 5, 24, 25 To evaluate the potential anti-microbial action of SR-0379, the inclusion criteria will be expanded to include wounds with signs of mild clinical infection
In the safety assessment, there were no concerns in the closed patch test, and four patients had a total of six adverse effects after SR-0379 treatment; however, a relationship with SR-0379 treatment was denied. Treatment with SR-0379 did not induce any local adverse effects (i.e., pain, rubor, or calor) or yield any systemic blood data because serum levels were very low. This suggests that SR-0379 is a very safe drug for patients. Recently, another anti-microbial peptide, LL-37, was similarly evaluated for venous leg ulcers. 26 The study design consisted of a 4-week randomized double-blind treatment phase with LL-37 (0.5, 1.6, or 3.2 mg/mL) or placebo. Similarly, there were no safety concerns regarding local or systemic adverse events. In terms of efficiency, the healing rate constants for 0.5 and 1.6 mg/mL LL-37 were higher than those for placebo (p = 0.003 for 0.5 mg/mL and p = 0.088 for 1.6 mg/mL). However, the healing rate constants for 3.2 mg/mL LL-37 were similar to those of the placebo. An inverted dose-response efficacy was hypothesized due to increased inflammation at high doses of LL-37. 27 In this study, bell-shaped dose-response curves for SR-0379 were not observed, suggesting the impact of SR-0379 for wound healing resembles that of similar anti-microbial peptides. Furthermore, in this study, SR-0379 treatment was administered to ulcers of patients with Werner Syndrome, which is a very rare autosomal recessive disorder 28 caused by the WRN gene, 29 whose protein resembles DNA helicase, that involves unusual chronic leg ulcers. One of these patients in the 0.1% SR-0379 treatment group demonstrated a 34.92% size reduction (Fig. 2d, e ), and another patient in the 0.02% SR-0379 treatment group exhibited a 61.45% size reduction (Fig.  2f, g) . Because ulcers associated with Werner Syndrome are reportedly drug-resistant, 30, 31 the potential mechanistic effects of SR-0379 on drug-resistant ulcers must be further analyzed. The study limitations of this trial included the small number of patients and the short treatment period. Although there were no obvious associations between ulcer size reduction and baseline characteristics (i.e., ulcer size, duration of ulcer, and ulcer position) in this study, larger clinical studies with prolonged treatment times will be required to confirm the effects of SR-0379 until complete skin ulcer closure is achieved. It is anticipated that this academia-derived peptide drug will meet the need for a safe and effective pharmacological treatment to improve the outcomes of chronic leg ulcers.
METHODS
Closed patch test
A closed patch test was performed with SR-0379 at Shinanozaka Clinic (Shinjuku, Tokyo, Japan); the study protocol was approved by the Shinanozaka Clinic institutional review board. The registry number is UMIN000015391, and the URL is https://upload.umin.ac.jp/cgi-open-bin/ ctr_e/ctr_view.cgi?recptno=R000017479. Sixty-six men were screened after obtaining informed consent, and a total of 20 healthy men were enrolled for the patch test after obtaining informed consent between October and November 2014. The inclusion criteria for healthy men were: (1) adult age (≧20 years and ≦40 years); (2) body mass index (≧18.5 and <25.0 kg/m 2 ); and (3) systolic blood pressure (SBP, ≦140 mmHg) and diastolic blood pressure (DBP, ≦90 mmHg); additionally, patients were to be within normal limits in an ECG test. The exclusion criteria were drug allergy or a history thereof, atopic dermatitis or allergic contact dermatitis, skin with dermatitis or inflammation, organ failure (heart, liver, kidney, blood), and others.
The closed patch test was performed with a Finn chamber (7 mm) using filter paper containing 0.015 mL of SR-0379 solution (0%, 0.02%, 0.1%, 0.25%, or 0.5%). The allocation was generated by a coordinator and masked for the evaluator. The test patches were applied for 48 h on the dry, non-hairy upper back after cleansing with ethanol. Results were evaluated at 1 and 24 h after removal and graded according to the International Contact Dermatitis Research Group criteria (grades 1-6). This calculation is described in Supplementary Table 1 . Any adverse effects from patch testing (adhesive tape reaction, itching/flare up, angry back phenomenon, or pigment alterations) were noted.
Preparation of a GMP-grade SR-0379 solution
GMP-grade SR-0379 peptide was generated by the American Peptide Company (Torrance, CA, USA). The peptide was dissolved in a physiological salt solution, and spray-type containers were charged with 10 mL of SR-0379 solution under GMP conditions by Nagase Medical Co. Ltd. (Itami, Hyogo, Japan). A total of 0.05 mL of SR-0379 solution was administered per spray using this container. According to the protocol, each patient received 0.25 mL of SR-0379 solution over five sprays once per day for 28 days.
Study design and patients
The clinical trial was conducted as an investigator-initiated, phase I/IIa, randomized, double-blind, placebo-controlled trial at five hospitals (Osaka University Hospital, Osaka; Chiba University Hospital, Chiba; Asano-Kanamachi Clinic, Tokyo; Medical Plaza Shinozakieki Nishiguchi, Tokyo; and Kasukabe Chuo General Hospital, Saitama) in Japan. Twelve patients were randomized into four groups and treated with 0.02%, 0.1%, or 0.5% SR-0379 or placebo treatment. The inclusion criteria for this clinical trial were: (1) adult (age≧20 years), (2) a diagnosis of diabetic ulcer or limb ulcer (artery or venous ulcer); and (3) wound size <6 cm in diameter. Exclusion criteria is (1) infection to be cured with antibiotics, (2) deep ulcer with reaching bone tissue, (3) skin ulcer with malignant tumor, (4) severe edema around skin ulcer, (5) patients with malignant tumor, (6) patients with severe heart failure, (7) patients with severe liver, kidney, and blood dysfunction, (8) malnutrition (serum albumin ≦2 g/dL), (9) poor general condition due to severe systemic infection, (10) poor control of hyperglycemia (HbA1c ≧9.0%), (11) pregnant women, and men or women who disagreed to avoid pregnancy during clinical trial period, (12) patients who changed from an oral to an intravenous drug to regulate blood flow (i.e., prostaglandin E1, prostacyclin I2) from 2 weeks before SR-0379 or placebo treatment, (13) surgical procedure for skin ulcer from 2 weeks before SR-0379 or placebo treatment, (14) attendance to other clinical trial from 12 weeks before SR-0379 or placebo treatment, and (15) judgment as an inappropriate patient by principle investigator. The study protocol was approved by the institutional review board of each hospital. Patients gave written informed consent before enrollment.
Randomization and masking
Twelve patients were randomized into four groups and treated with 0.02%, 0.1,% or 0.5% SR-0379 or placebo treatment. The allocation was generated by a computer program before starting the initial enrollment, and the allocation coordinator concealed the allocation information until the last patient finished. The placebo drug was indistinguishable in terms of appearance. The trial drugs were distributed to each hospital according to the allocation schedule for each patient. All study personnel and patients were masked to treatment group allocation.
Procedures SR-0379 (0.02%, 0.1%, and 0.5%) or placebo was topically administered after cleaning with soap once per day for 28 days. After treatment, the wound was covered with a piece of gauze. Patients who received drugs to regulate blood flow (i.e., prostaglandin E1, prostacyclin I2) did not alter their regimen starting 2 weeks before treatment through the final treatment. No topical wound healing drugs were used in combination with SR-0379 or placebo for the same skin ulcer, and the topical use of FGF2 (trafermin) was prohibited starting 2 weeks before treatment through the final treatment.
Upon study entry, clinical assessments, skin ulcer evaluations, blood and urine tests, chest radiographs, and ECGs were performed 1 week before treatment. Prior to the first treatment, clinical assessments and skin ulcer evaluations were performed, and plasma SR-0379 levels were measured at 15 and 60 min after the first treatment. After treatment, clinical assessments, skin ulcer evaluation, blood and urine tests, and ECGs were performed, and plasma SR-0379 levels were measured at 15 and 60 min after the final treatment. During the follow-up period (1 week after treatment), patients received appropriate treatment, including FGF2 (trafermin). 
Clinical study outcomes
The primary outcome was the rate of wound size reduction at 4 weeks after the first treatment compared with pre-treatment wound size. Additionally, the following secondary endpoints were measured at 4 weeks after the first treatment and compared with pre-treatment status: time to wound closure; 50% wound size reduction ratio; quantification of Pseudomonas aeruginosa, Staphylococcus aureus, MRSA, and Streptococcus pyogenes; and overall evaluated ulcer improvement. Ulcer size was quantified based on skin ulcer pictures according to a defined procedure using ImageJ software and calculated as the percent change. We also used the DESIGN-R score index, which is calculated based on six components (exudate, size, infection/inflammation, granulation tissue, necrotic tissue, and pocket size), as a tool to score pressure ulcer severity. 23 Depth was excluded from the calculation. The total score was calculated by weighting the score of each item; a high score indicates greater severity. The safety of SR-0379 was evaluated during the treatment period (28 days) every 7 days and post-treatment (7 days) according to the Common Terminology Criteria for Adverse Events (version 4.0).
Pharmacokinetics
We developed a sensitive LC-MS/MS method to study the pharmacokinetics of SR-0379 in plasma samples. SR-0379 is unstable in the plasma, and pre-treatment with EDTA and phosphoric acid (9%) inhibits its degradation. The lower limits of quantification for SR-0379 were fully validated as 1 ng/mL in plasma, with acceptable linearity, intra-assay and inter-assay precisions, and accuracy. In this study, plasma samples obtained on day 1 (first treatment) and day 29 (final treatment) were quantified at two time points (15 and 60 min after treatment). All results were hidden to maintain the blinded study allocation until the final patient finished.
Data availability
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